Abstract -Genetic effects on controlling stripe rust resistance were determined in two wheat crosses, Bakhiawar-92 × Frontana (cross 1 ) and Inqilab-91 × Fakhre Sarhad (cross 2 ) using Area under Disease Progress Curve (AUDPC) as a measure of stripe rust resistance. The resistant and susceptible genotypes for crosses were identified by initial assessment of 45 wheat accessions for stripe rust resistance. Mixed inheritance model was applied to the data analysis of six basic populations P 1 , F 1 , P 2 , B 1 , B 2 , and F 2 in the crosses. The results indicated that AUDPC in cross 1 was controlled by two major genes with additive-dominance epistatic effect plus polygenes with additive-dominance epistatic effects (model E). Whereas in case of cross 2, it was under the control of two major genes with additive-dominance epistatic effect plus additive-dominant polygenes (model E-1). Additive effect was predominant then all other types of genetic effects suggesting the delay in selection for resistance till maximum positive genes are accumulated in the individuals of subsequent generations. Occurrence of transgressive segregants for susceptibility and resistance indicated the presence of resistance as well as some negative genes for resistance in the parents. The major gene heritability was higher than the polygene heritability in B 1 , B 2 and F 2 for the crosses. The major gene as well as the polygene heritability was ranging from 48.99 to 87.12% and 2.26 and 36.80% for the two crosses respectively. The highest phenotypic variations in AUDPC (2504.10 to 5833.14) for segregating progenies ( BC 1 , BC 2 and F 2 ) represent that the character was highly influenced by the environment.
INTRODUCTION
Stripe (yellow) rust caused by a fungus Puccinia striiformis f. sp. tritici , is a major disease of wheat word wide especially in moist and cool environments [1] . The disease appeared in epidemic form in Pakistan during the year 2004-2005 because of the environmental conditions made highly conducive through tsunami effect. Grain yield losses from 20 to 60% in susceptible wheat cultivars have been reported in case of severe out break of the disease during ear emergence [2] . Cultivation of genetically resistant cultivars is the effective measure to control the disease. Race specific or vertical resistance has remained no longer effective because of the evolution and population diversity of new virulent pathotypes [3] . Durable resistance controlled by the combined effect of both major and minor genes is desired to control the disease for longer time in an environment conducive for the disease development. This requires the availability of well known resistant genetic resources, a better understanding of the host-pathogen interaction and suitable techniques to utilize the desired genes. Adult plant resistance is most often desired by 1 The article is published in the original.
wheat breeders in order to avoid/reduce yield losses caused by the disease at adult plant stage [4] . Identification of genetically variable lines with respect to stripe rust resistance is of great help to select the parents for cross combination so as to pyramid genes from different resistant resources in to a single genotype with durable resistance. The aim of the present study was to identify genotypes with high level of resistance to stripe rust, transferring of resistant genes from resistant to suitable genotype through successful cross combination and to study the genetic basis of resistance in wheat by using Area under Disease Progress Curve (AUDPC) as a measure of stripe rust resistance.
MATERIALS AND METHODS
Field evaluation of germplasm for AUDPC at adult plant stage. Seeds of 45 bread wheat genotypes differing in their genetic make up and origin were collected from different sources viz Pakistan, India, CIM-MYT and Brazil. Twenty of these genotypes were belonging from Pakistan, fifteen from CIMMYT, Mexico, nine from India and 1 from Brazil. The accessions were planted as stripe rust screening nursery in two replications in two-meter-long rows per entry with 20 seeds Creation of artificial epiphytotic condition in the nursery. Each entry of the nursery was bordered with a susceptible check of 'Morocco' as a spreader of stripe rust. Artificial stripe rust epiphytotic conditions was created in the field as referred by |5], inoculated the nursery material at tillering stages in late afternoon with uniform spray of spore suspension containing mixture of urediospores of different stripe rust ( Puccinia striiformis ) races prevalent in Pakistan, through turbo air sprayer at the end of February, 2004. Urediospore mixture was obtained from National Wheat Diseases Research Program (NWDRP) at National Agriculture Research Center (NARC) Islamabad, probably consisting of 67E0, CYR32, 78S84, 110E143A, 230E150, 230E134, Pst 106, E139A and 110E143A pathotypes. These races has virulence formula against the stripe rust resistant genes as Yr1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 17, YrA, and Yr27 [1, 6] . Tween 20 was added in fresh tap water by dissolving urediospores at a rate of 1 gram/litter with approximate concentration of 30000/ml in the suspension as determined by haemocytometer. The nursery material was covered with plastic sheets to keep the moisture for making conditions conducive to spore germination and to avoid washing of spores by dew drops. For spore multiplication and disease development, plane water in the late afternoon was sprayed on to the nursery material with the intervals of two days (for a period of fortnight) until the disease symptoms appeared in the field.
Methodology for disease scoring and determining AUDPC . After successful disease development, data for rust severity {percentage of leaf area with symptoms) was recorded on the top three leaves of five randomly selected plants from each accession on 0-9 points rating scale with little modification to those of [7] , as suggested by [8] (Table 1) . Second reading of all selected plants was recorded after seven days of the first reading. Observations on response and severity of stripe rust were recorded according to [9] . Rust severity was determined by visual observation and recorded from 0 to 100% of rust infection on 5 selected plants with in each population according to the modified Cobb scale [10] . For recording correct readings of severity up to interval 2 on individual plants, the term trace (T) was used below 5% severity. A five percent interval was used from 5 to 20 percent severity and 10 percent intervals for higher readings. The response of individual plants within each population to the type of stripe rust infection was recorded in Table 2 . Severity and reaction were recorded together with severity first. The Coefficient of infection (CI) for the rust was calculated in the manner used in CIMMYT and IRN (USDA) i.e., by multiplying the response value with the intensity of infection in percent. Average coefficient of infection (ACI) was derived from 1 and BC 2 and 8 rows for F 2 populations of all the two crosses in each replication. The plant to plant and row to row spacing was maintained 10 and 30 cm respectively Seeds were sown at 2.5 cm depth at the rate of 2 seed per ml which were later on thinned to single healthy seedling per hil after germination. Same methodology was used for creating artificial epiphytotic conditions, recording disease severity and working out AUDPC as mentioned for the germplasm. Starting from March 24, 2007 when the wheat plants were at growth stages from booting to milk [14] , rust severity was recorded at four intervals (24 th Statistical Analysis. Mean values regarding AUDPC and standard deviations for all the accessions were worked out by using MS excel programme. For performing cluster analysis with respect to classification of germplasm, Euclidean distance was estimated for all pairs of accessions. The resulting Euclidean dissimilarity coefficient matrices were used to established the relationship between the accessions using wardrs method (Statistica version 7.0).
Joint Segregation Analysis (JSA).
The data regarding AUDPC were analyzed according to five different groups of genetic models as outlined by Gai [15, 16] 
and B-6). 3. Polygene and polygene inheritance (D, D-1, D-2, D-3 and D-4). 5. Two Major gene and polygene inheritance (E, E-1, E-2, E-3, E-4, E-5 and E-6).
The observations were recorded on individual plants from each of the six populations i.e. the two homozygous parents (P 1 and P 2 ), the first filial generation (F 1 ), the two backcrosses (B 1 and B 2 ), and the second filial generation (F 2 ). Based on the assumptions [13, 14] , the data was subjected to 24 types of genetic models of five groups. The most suitable genetic models in each cross were chosen by using maximum log of likely hood values [13, 17, 18] and Akaikers information criterion (AIC).
Further selection of the best fit genetic model was made on the basis of least number of significant values of χ 2 statistics, Smirnov statistics and Kolmogorov statistics [14] . The data were analyzed by using statistical software Sin. Exe, the major gene-polygene mixed inheritance model to a joint analysis of multi-generations [16] specially designed for six generations i.e. P 1 , P 2 , F 1 , BC 1 , BC 2 , and F 2 . In case of the best fit model the values of second order genetic parameters as well as and for B 1 , B 2 and F 2 were worked out by using excel program of windows.
RESULTS
Genetic diversity for stripe rust and selection of genotypes for crosses. Based on Area under Disease Progress Curve (AUDPC), Euclidean dissimilarity coefficient matrix (not shown) was constructed for 45 wheat accessions and phenogram constructed is presented in Fig. 1 Cluster 3 is consisted of 28.88% of the total population and comprised of thirteen accessions (Frontana, Tatara, Fakhre-Sarhad, CT-02009, CT-02019, CT-02081, CT-02266, CT-02267, CT-02204, CT-02390, Karwan, CT-99022 and V-03007). Having very low AUDPC (73.57 ± 18.8), the accessions included in this cluster showed high level of resistance to the disease and can be utilized as source of resistance for stripe rust. Clusters 4 and 5 representing 20 and 7% of the total material and with AUDPC of 178.65 and 244.0 respectively were lying in susceptible and highly susceptible range. On the basis of susceptibility and high level of resistance to stripe rust, the crosses were performed between highly susceptible and highly resistant parents so as to determine the gene action on the control of the disease.
Genetic control of stripe rust resistance (AUDPC).
The frequency distribution and the mean values (Table 3) , show the tendency of F 1 and BC 2 towards the resistant parents (Frontana, and Fakhre-Sarhad) which were used as the pollen donor parents in the crosses. Normal distribution of F 2 and occurrence of transgressive segregants of resistant as well as susceptible types indicate the quantitatively controlled nature of AUDPC. Transgressive segregation for resistant plants refers to the presence of resistant genes in the parents for controlling stripe rust. The susceptible transgressive segregants refer to the fact that some negative genes were also dispersed in the parents which affected the resistance when came in accumulation in (Fig. 2) clarify the behaviour and tendency of each generation in the crosses. Highest phenotypic variances ranged between 2504.08 and 6658.02 for the segregating progenies (Table 4) indicate that the trait was highly influenced by the environmental conditions.
Genes Pattern and selection of suitable genetic models for controlling AUDPC. Using the criterion of the maximum log of likelihood estimates and smaller AIC values (Table 5) , Model E, E-1 and B-1 were most suitable for controlling AUDPC in cross 1 while models E-1, D-2 and B-1 were suitable for cross-2. Further selection of the best fit model for each cross was made on the basis of least number of significant values of the five statistics presented in Table 6 , clearly showing that E and E-1 were the best fit models for cross 1 and cross 2 respectively. Using the component parameters given in Table 7 the first and second order genetic parameters for corresponding best fit genetic model for the two crosses were calculated (Table 8) .
Genetic model E for cross 1 determines mixed additive-dominant-epistatic effect of major genes plus additive-dominant-epistasis of polygenes. The additive (d a , d b ) and dominant (h a , h b ) effects contributed by two major genes (A & B) to the control of AUDPC were estimated to be 83.65, 24.83 and -25.19, -6.37 respectively. The positive signs of the additive effect with respect to major genes in the cross indicated that AUDPC was controlled by the positive additive action of the major genes where as the negative signs of the dominant components of the major genes indicate that resistance to stripe rust was adversely affected by the dominant action of the major genes. The dominant ratios (h a /d a and h b /d b ) of the gene A and B was -0.30 and -0.26 respectively, representing the predominance of the additive gene action due to major genes rather then the dominant effect. The negative signs of non allelic dominant interaction of the two major genes as well as of additive x additive effect (i) in the cross indicate the dispersion of some negative genes in parents (Bakhtawar-92 and Frontana), which adversely affected resistance to stripe rust. Therefore, selection for resistance should be delayed to subsequent generations till maximum resistant polygenes are accumulated in the individual plants. The additive × dominant effect of gene A over gene B (J ab ) and that of B over A (J ba ) was 14.67 and 24.08 respectively. The dominant × dominant type of non allelic interaction (l) was recorded as 10.
Genetic control of AUDPC in cross 2. Model E-1 (best Fit for cross 2), representing mixed action of two major additive-dominance epistatic genes plus additive-dominant polygenes. The population mean (242.98) ( Table 8 ) refers to the average AUDPC equal to the mean of F 2 generation. The negative signs of the dominant effect (-74.29& -100.56) due to first and second major genes (A & B) in these crosses represent that resistance to stripe rust is controlled by negative dominant effect of the major genes. Additive effect due to the two major genes (A & B) was conspicuous in controlling AUDPC in cross Inqilab-91 × Fakhre Sarhad with higher effect due to gene A (28.32) then that of gene B (4.34). The negative sign under mixed additive × additive (i) type of genetic effect represents the dispersion of some negative polygenes between the parents (lnqilab and Fakhre Sarhad) which adversely affect the AUDPC when come in combination in the segregating progenies. However, the over all additive effect due to polygene was higher and positive (91.29) representing the conspicuous favourable effect of polygene on AUDPC. The dominant × dominant (l) type effect was the highest (101.63) representing the favurability of mixed epistasis due to major genes and polygenes in controlling AUDPC in Inqilab-91 × Fakhre-Sarhad. Dominance due to polygenes though smaller (15.57) but was favourable because of its positive sign value for controlling the trait (Table 8) .
Under the second order genetic parameters (Table 7) , the phenotypic variation ( ) is partitioned into genetic and environmental variation ( ) for the two crosses. The genetic component of variation in turn is subdivided into variation due to major genes ( ) and polygenes ( 
DISCUSSION AND CONCLUSIONS
Using AUDPC as the measure of stripe rust resistance in wheat, the data analysis of the present paper was made under the procedures outlined by [15, 19] with the advantage over the method suggested by [20] as the former has the power to determine the number of major genes, individual effects due to the major genes as well as collective effect of the polygenes involved in the controlling of the trait. Moreover, the data is subjected to twenty-four different genetic models as suggested by [16] . According to the procedure, individual effects of the major genes were also determined under the second order genetic parameters (Table 8 ). In contrast the later procedure measures the trait only as the polygenic system without measuring the effect of individual genes [19] .
The crosses were between resistant and susceptible parents using the resistant one as the pollen donor parent in F 1 . Frequency distribution of plant population for AUDPC revealed transgressive segregation with respect to susceptibility and resistance in the segregating generations (F 2 ) of all the crosses. Susceptible transgressive segregants have also been reported by Bjarko and Line [21] for leaf rust and Ma et al. [22] for stripe rust in wheat. Transgressive segregants in half diallel wheat crosses have also been mentioned in case of Septoria tritici blotch resistant [23] . Both susceptible and resistant type of transgressive segregants for stripe rust were reported by [8] in F 2 and F 3 generations of some wheat crosses.
The fitness of the two different models (model E for crossl and model E-1 for cross 2) in the two crosses is because of the difference in the genetic background of the parents involved in the two crosses. However, AUDPC in both the crosses was under the control of two major genes plus polygenes. The ratios of dominance to additive effect (h/d) for both the major genes in the two crosses have negative sign valves, referring to the recessively controlled nature of AUDPC in both the crosses. The positive sign and higher values of the additive effects due to the major genes show pre dominance of the additive effect on AUDPC in both the crosses. The estimated additive effects due to major gene A and B in the crosses were ranging from 28.32 to 83.65 and 4.34 to 24.83 respectively ( Table 8 ). The negative and positive signs of the additive as well as dominant effect due to the major genes and polygenes in different crosses may occur due to the difference in the genetic background of the parents involved in the crosses [19] . Generally, the dominant and additive effects exerted by polygenes were less than those of the major genes. It is because the polygenes contributed very low fraction to the phenotypic variation ( ) with very low values of polygene heritability (16.90, 36.80, 6.71% in cross 1 and 22.51, 28.14, 9.61% in cross 2 for BC 1 , BC 2 and F 2 respectively). The present results are in accordance to those found by [19] regarding resistance to bean fly in soybean with respect to heritability values due to major genes as well as polygenes. Under the mix epistasis effect of both major as well as poly- genes for cross 1, negative genes for controlling AUDPC were present among the two parents which means that selection for resistance should be delayed to subsequent generations till maximum resistant polygenes are accumulated in more or less homozygous form in the individual plants. Additive effect with respect to stripe rust resistance has also been reported by some recent investigators in some wheat crosses [17] . The additive × dominant effect (J) due to the second major gene and dominant × dominant effect (l) under epistasis was positive for cross 1. Additive × dominant as well as dominant × dominant epistasis for leaf rust in some wheat crosses has also been reported by [21] which coincides with the present results in case of cross 1. An additive/modifying action of two genes for stripe rust in a segregating generation resulted from a cross between susceptible and resistant cultivars of wheat have also been suggested [4] . In another study [8] , segregation ratio of 1 : 2 : 5, has been reported suggesting the involvement of three genes with epistasis for resistance to stripe rust at seedling stage. In a cross between highly resistant and susceptible parents, two genes were suggested with additive effect to be responsible for stripe rust resistance in wheat [22] .
Based on a joint scaling test, while conducting studies on gene action regarding durable, high-temperature, adult-plant (HTAP) resistance for stripe rust in parental, F 1 , F 2 and backcross populations for some crosses in wheat, [24] reported the involvement of epistasis in controlling AUDPC with significant additive × additive component. Using generation mean analysis, [25] has reported additive-dominance model (absence of epistasis) digenic epistasis with predominant additive gene effect, significant "i" type and "l" type of epistatic interaction for powdery mildew in different crosses of wheat. The previous results are more or less in correspondence with the two crosses of the present study.
However, the contradictions between the present and the previous results might because all these previous investigators used either diallel or generation mean analysis as the statistical approach which measure the genetic effect as the polygenic system and have no power to determine the effect of the individual major genes and aggregate effect of the polygene.
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